The peak friction angle (φ peak 
Sudut geseran puncak (φpeak) kekasaran permukaan ketakselanjaran adalah nilai asasi kepada pemahaman tentangkekuatan ricih ketakselanjaran geologi, memandangkan kepentingannya dalam menentukan sifat mekanik permukaan ketakselanjaran. Walau bagaimanapun, ia memerlukan masa dan kos yang tinggi untuk menentukan sudut geseran puncak kerana ia memerlukan satu siri ujian makmal yang menyeluruh. Kertas ini membentangkan suatu pendekatan dalam bentuk persamaan polinomial yang dijalankan secara makmal untuk menganggar sudut geseran puncak permukaan ketakselanjaran batu kapur dengan mengukur Pekali Kekasaran
 Kekar (JRC) 
INTRODUCTION
Rock slope stability analyses have to be considered as a compulsory evaluation during excavation projects in civil, mining and geotechnical industry. Difficulties in determination of stability have brought about the emergence of fundamental studies on peak shear strength of rough discontinuity surfaces since shear strength is a pivotal factor causing failures. Determination of peak friction angle provides an important frictional property in describing the ability of a discontinuity plane to resist shear stress. The literature study showed that less research were conducted on the peak shear strength of discontinuity surfaces of limestone. Local researchers focused more on rock mass classification (Norbert et al. 2016) , landslide study (Norbert et al. , 2014 (Norbert et al. , 2013 , rock fall study ) and prediction of uniaxial compressive strength (Goh et al. , 2015a (Goh et al. , 2014b . However, Ghani Rafek et al. (2012 , 2011 and Goh et al. (2012 Goh et al. ( , 2014a ) established a polynomial relationship between JRC with peak friction angles for schist and granite.
Under low normal stress, the existing Mohr-Coulomb failure criterion (1773) suggests that the shear strength of rock material varies with the normal stress, friction angle and cohesion which can be described by the following equation:
where τ is the shear strength of rock material; c is the cohesion; σ n is the normal stress on failure plane; and φ is the internal friction angle. A study by Patton (1966) concluded that the shear strength of discontinuity surfaces are strongly influenced by the surface roughness of discontinuity planes. In practice, the best way to characterize surface roughness is by direct measurement in the field. Fecker and Rengers (1971) characterized the surface roughness of discontinuities by using plates of different sizes attached to a geological compass to measure deviations from the mean plane. Different plate sizes allow roughness to be recorded on various scales in determining the potential sliding direction. This is demonstrated by Patton (1966) in laboratory experiment on 'saw-tooth' rock samples. Dilation of the rock samples were due to effects of the surface sliding along the inclined surfaces. Estimation of peak friction angle as a function of normal stress can be described as:
where τ is the shear strength of the discontinuity surface; σ n is the normal stress on failure plane; φ b is the basic friction angle of the surface; and i is the angle of the saw-tooth face. The value of (φ b + i) represents the peak friction angle of the discontinuity surface. Barton (1973) suggested a relationship to estimate the peak friction angle by introducing the surface roughness parameter and the joint wall strength as a function of the normal stress. Barton rewrote the linear equation as:
where τ is the shear strength of the discontinuity surface; JCS/σ n is the normal stress on failure plane; φ b is the basic friction angle of the surface; JRC is the joint roughness coefficient of the discontinuity surface; and JCS is the uniaxial compressive strength of the rock material. The value of (φ b + JRC log 10 (JCS/σ n ) represents the peak friction angle of discontinuity surface roughness. Ghani Rafek et al. (2012) and Goh et al. (2014a Goh et al. ( , 2012 ) have established a polynomial equation to estimate peak friction angles from JRC of discontinuities for fresh and slightly weathered schist and granite samples in Malaysia by using tilt test method (Ghani et al. 2011 ). This method is simple, inexpensive and it allows for direct measurement of the peak friction angle in the laboratory.
Hence, the purpose of this study was to establish the peak friction angle equation for limestone in Kinta Valley, Gunung Keriang and Gua Damai area. The findings of this study is expected to be useful by presenting a comparable range of peak friction angles with regard to the JRC values of limestone in Kinta Valley, Gunung Keriang and Gua Damai and to propose a simple and time-saving method for estimation of peak friction angle.
GEOLOGY OF STUDY AREA
The study area in Perak is within the vicinity of the Kinta Valley where it is situated in the central part of the state covering Gopeng and Ipoh district. Foo (1990) reported that the age of Kinta limestone ranges from the Silurian to Permian with the deposition of the clastic sediment in a relatively deep marine setting followed by the deposition of limestone following the progressive shallowing of the sea.
The study area in Kedah is in the city of Alor Setar. Gunung Keriang is the southern most exposure of the Chuping limestone Formation and was previously classified as Kodiang Formation. It is not until early 1960s that all limestone hills in the Kodiang Formation that are deposited in the Permian were reclassified as Chuping Formation (Jones 1976) . The age of Gunung Keriang limestone ranges from Smithian to Ladinian-Carnian and the age of Chuping limestone ranges from Lower Permian to Middle and Upper Triassic. The Kodiang limestone was deposited during the Permian to the Triassic age.
The study area in Selangor is within the Gombak district, 13 km north of Kuala Lumpur. Gua Damai is part of the Palaeozoic Formations of Selangor and Kuala Lumpur. The geology of the area consists of sedimentary rocks ranging in age from Middle-Upper Silurian to Mesozoic or Younger overlying the older Hawthornden Formation and the Kuala Lumpur Limestone Formation (Gobbett 1964) . Figure 1 shows the location of study areas.
MATERIALS AND METHODS

SAMPLE DESCRIPTION
Limestone samples collected from Kinta Valley and Gua Damai are pale yellow in color, while samples from Gunung Keriang are dark grey in color. From hand sample, the limestone are fresh (grade I) and are composed of medium to fine grain size.
SAMPLE PREPARATION
Rock samples constituting two parts that contain natural discontinuity planes were collected by using hand tools such as geological hammers from different study areas and were carefully separated into upper and lower block along the natural discontinuity planes (Figure 2 ). Rock samples were prepared with an elongated shape to minimize the possibility of toppling.
JOINT ROUGHNESS COEFFICIENT (JRC) MEASUREMENT
The roughness of the discontinuity surfaces were measured using a Barton comb to reproduce the true roughness profiles (Figure 3) . The obtained profiles were compared to the corresponding standard profiles of Joint Roughness Coefficient (JRC) suggested by Barton and Choubey (1977) FIGURE 1. Location of study area FIGURE 2. Rock samples constituting two parts that contain natural discontinuity planes were carefully separated into upper and lower block along the natural discontinuity planes by using geological hammers and were prepared in an elongated shape to minimize the possibility of toppling FIGURE 3. Standard 15 cm Barton comb used to reproduce the true roughness profiles of discontinuity surfaces as shown in Figure 4 . The surface roughness of these planes was measured in four different directions that correspond to the direction of sliding.
measured in different directions due to variety of the JRC values according to the direction of sliding.
RESULTS AND DISCUSSION
A total of 1967 tilt tests were conducted on grade I limestone samples from the six different locations. The Joint Roughness Coefficient (JRC) for all the natural discontinuity planes that were subjected to tilt test were also determined. The results of minimum, maximum, mean, median, standard deviation and skewness of testing were summarized in Table 1 . The results of testing were analyzed at 95% confidence level using the statistical software package IBM SPSS Statistics Version 16. The boxplots of tilt angles that corresponds to the value of discontinuity surface roughness are shown in Figure 6 (a). Negative skewness implies that more test results have higher value of peak friction angle compared to the mean value, while positive skewness implies that more test results have lower value of peak friction angle compared to the mean value. A polynomial approximation, φ peak = -0.0635JRC 2 + 3.95JRC + 25.2 with a coefficient of determination (R 2 ) of 0.99 had been established from the empirical correlation between the experimental and the theoretical results as shown in Figure 6 (b). The value of JRC were taken as the midpoint values of the respective JRC ranges. It can be seen that there is a strong correlation between the value of JRC and peak friction angle measured by conducting tilt test, seeing that the coefficient of correlation R 2 are 0.99. Peak friction angles (φ peak ) were measured by using a self-fabricated tilt testing apparatus according to Priest (1993) suggestion (Figure 5). Rock samples that contained upper and lower rock blocks were positioned on the plane and were slowly inclined from the horizontal position until sliding between the planes occurred. The angle of inclination which represents the peak friction angle was measured with a clinometer. The tilt tests were repeated five times for each direction to reduce possible errors during measurements. The tilt angles of these blocks were FIGURE 5. A self-fabricated tilt testing apparatus, modeled after Priest (1993) used for measurement of peak friction angle, φ peak The laboratory results were compared with theoretical results to estimate the peak friction angle by using Barton (1973) linear equation. The basic friction angle in (3) were taken from the results of tilt test. The input data for calculation of peak friction angle using Barton (1973) linear equation includes the bulk density of rock (kg/m 3 ) and the uniaxial compressive strength (MPa) value of rock. From measurement in the laboratory, the average bulk density and uniaxial compressive strength value of limestone is 2670 kg/m 3 and 70 MPa, respectively. From measurement in the field, it was found that the approximate rock slope height at the study areas is 10 m. Normal stress, σ n were determined using σ n = bulk density of rock slope × height of slope. Table 2 summarizes the data input of peak friction angle using Barton (1973) linear equation. Table 3 exhibits the comparison between peak friction angles measured from tilt test with theoretical friction angles calculated from established polynomial and Barton (1973) Table 4 exhibits the percentage of differences between peak friction angles measured from tilt test with theoretical peak friction angles calculated from proposed polynomial and Barton (1973) linear equation. It can be seen that the percentage differences between peak friction angles measured from tilt test with theoretical peak friction angles calculated from polynomial equation ranges from -3.6% to 5.8%, while the percentage differences between peak friction angles measured from tilt test with theoretical peak friction angles calculated from Barton equation ranges from -10.7% to 8.2%.
The comparisons are presented in a plot of peak friction angles versus JRC as shown in Figure 7 . It can be seen that estimation of peak friction angles were made accurately by using the proposed polynomial equation when compared to estimation by using Barton (1973) linear equation.
It can be concluded that the estimation of peak friction angles were done more accurate by using the polynomial equation proposed here since the percentage difference between measured and calculated peak friction angles is less than 6% compared to estimation from Barton (1973) linear equation where the percentage of differences is less than 11%. Therefore, the proposed polynomial equation Barton (1973) linear equation showed that estimation of peak friction angles were determined more accurately by using the polynomial equation that has been developed. The findings emphasized the importance in estimation of peak friction angles as it offers a reliable means of computation. The strong correlation between tilt angles and JRC values shows the influence of discontinuity surface roughness on the shear strength of the discontinuity surfaces. The equation is applicable to limestone samples in Malaysia at low normal stress levels and is expected to be useful for evaluation of rock slope stability during excavation projects in civil, mining and geotechnical industry. 
